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Abstract
Most species of songbirds rely on vocal communication as a vital tool for information
transfer, reproduction, and survival. With recent expansions in human development and
urbanization, songbirds are responding to these environmental changes. Several studies have
observed developments in bird singing behavior in response to low frequency anthropogenic
noise. These changes include birds singing at higher frequencies in areas of more anthropogenic
noise, as well as changes in how often they sing. This study explored whether these changes
occur within populations of Northern Cardinals inhabiting Vermont’s most densely populated
county, Chittenden County. I quantified maximum and minimum frequencies (pitch), as well as
singing rate with respect to time of day and background noise levels. The results suggest that
cardinals sing at higher frequencies when anthropogenic noise levels are higher in Chittenden
County, Vermont. Additionally, there was evidence to support cardinals singing at higher
frequencies during later, and louder times of day within louder locations. The results of the study
did not demonstrate other behavioral changes occur based on loudness as related to time of day,
such as singing rate. However further testing is necessary to understand the full extent of the
impacts of anthropogenic noise on Northern Cardinals in Vermont.
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Introduction and Literature Review
Animal species across a wide variety of taxa utilize vocal communication as a key
element of reproduction and survival. Whether for communication of status, location, mating or
information transfer, vocal communication is a vital tool for social interactions and ultimately
survival (Heffner 1998). As human development alters ecosystems across the world, animal
species must adapt to these dynamic environments. An increase in anthropogenic alteration of
wildlife habitats has impacts on animal communication, some of which are more obvious than
others (Hu & Cardoso 2009). Habitat fragmentation is one of the driving factors of species loss
and a decline of biodiversity at local and global scales (Kruess & Tscharntke 1994). Examples of
these impacts include deforestation, increased edge effects (Sauders et al. 1991), and chemical or
waste pollution. However, the past several decades of conservation biology have explored less
obvious impacts, including what is commonly known as “noise pollution.”
Noise pollution is considered any human-sourced sound that causes a disturbance to
wildlife and may ultimately cause harm to their survival (Kaufman 2021). Although intermittent
noise pollution such as construction or airplanes has the potential to create disturbances,
constant, low frequency ambient noise accounts for a large bulk of the sounds that tend to impact
wildlife communication, specifically birds. This can include constant traffic and infrastructural
noises, as well as other noises associated with low frequency human-sourced sounds (Hockin et
al. 1992).
Many behavioral ecologists and wildlife biologists have observed changes in avian
singing patterns due to the impacts of low frequency anthropogenic noise, however the actual
specifics to these changes in behavior as a result have only been explored in recent years. The
concept that animals change their vocal behavior to adapt to the noises of their surrounding
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environment is known as the “Acoustic Adaptation Hypothesis” (Ey & Fischer 2009). This
hypothesis accounted for both anthropogenic noise and sounds from non-humans, such as other
bird species singing (Ey & Fischer 2009). Out of this hypothesis emerged a plethora of studies
that have observed bird species altering their singing behavior to compensate for
anthropomorphic noise. Because most anthropogenic noise occurs at low frequencies, most
studies have shown birds to sing at higher frequencies (pitches) in noisier environments and
lower frequencies in quieter environments (Narango & Rodewald 2015), presumably to enhance
the vocal transmission. A known phenomenon called the Lombard Effect, in which an animal
involuntarily increases their vocal efforts when vocalizing in loud environments, has been
observed within several different species of mammals and birds (Zollinger & Brumm 2011).
Many of these studies include elaborations and expansions on these ideas of animals exerting
more effort as a result of anthropogenic noise (Bottalico et al. 2022).
Patricelli and Blickley (2016) explored this concept with many species of songbirds
across several continents, ultimately finding that, with some variation, many species sang at a
higher pitch in dramatically noisier urban areas than in quieter rural areas. Narango and
Rodewald (2015) later explored the changes in frequency as a further test of the Acoustic
Adaptation Hypothesis to address the interactions of vegetation density, bird morphology, and
anthropogenic noise on the pitch of bird songs. They found that vegetation and bird morphology
did not impact the pitch of the individual bird, leading to believe that individual birds exert
additional effort in singing at higher frequencies to transmit their song through low frequency
noise (Narango & Rodewald 2015).
A study in relation to the structure of bird songs was also conducted by Potvin, Parris,
and Mulder (2011), addressing the length of bird songs in relation to human development
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patterns and found that songs in more densely developed areas were longer than in more rural
areas (Potvin et al. 2011). This was contrary to their expectations, for they hypothesized that a
shorter song would better transmit more effectively through a more densely developed area.
They concluded that birds sang shortened and limited songs in denser and more urban
populations (Potvin et al. 2011). Other studies exploring song length, quality and rates of singing
have additionally been conducted, concluding that noise alters the quality (length, annunciation,
and clarity) of bird songs, although there is variable evidence between bird species (Winandy et
al. 2021).
The impacts of anthropogenic noise on birds stretch beyond communication and may
even have the potential to impact individual survival and population persistence. Additional
hypotheses have been made regarding the implications of studies such as these, including a study
by Hu and Cardoso (2016), that found that species that sing at higher frequencies within urban
habitats had greater survival rates than species that sang at lower frequencies. Based on the
results of their analysis, they suggested that species that sing at higher frequencies have adapted
to urban and louder environments over time (Hu & Cardoso 2016). There may also be physical
impacts on birds as a result of changes in singing behavior. Moiron et al. (2015) explored the
results of both short and long-term reproductive success of birds who sing at higher frequencies
in highly developed urban areas. They observed that there were no significant correlations
between average frequency of songs and individual reproductive success (Moiron et al. 2015).
This is essential information considering that individual birds might be overcompensating
regarding the amount of effort and vocal strain required to sing at higher frequencies. Further
studies have noticed that this overcompensation can lead to the general shift of the frequency
range in which birds sing, which some have hypothesized to cause long-term changes to the

7

syrinx of birds, on both an individual and population level (Winandy et al. 2021). They observed
that the changes in the overall quality of a song in enunciation and clarity come at the expense of
a higher pitched song. This ultimately led to issues of communication between individuals which
they hypothesized could impact reproductive success (Winandy et al. 2021). It is unknown if
these specific changes have an impact on individual and population persistence.
While these studies offer important results supporting the hypothesis of altered singing
activity in the presence of anthropogenic noise, it remains unclear as to the specific level of noise
that can instigate this change. Many experiments lacked variation in noise across a variety of
urban and suburban habitats, as most of these experiments were conducted in large cities and
urban environments (Patricelli & Blickley 2006). They also failed to demonstrate variation
across time of day and human activity in the frequency of how often the birds sing, for many
observations were noted that birds might pause or completely stop singing activity in the
presence of anthropogenic noise (Patricelli & Blickley 2006).
The implications of these studies for more rural, less populated areas also remain unclear;
therefore, the purpose of my study was to understand how songbird singing behavior responded
to low frequency anthropogenic noise here in the rural state of Vermont. Chittenden County is
the most populated area of the state. Located alongside Lake Champlain in northeast Vermont, it
hosts Vermont’s largest city, Burlington, with a population of about 40,000. While Chittenden
County has the potential to be one of the loudest locations in Vermont due to development,
traffic, and other human activity, even its most urban areas are in proximity to undeveloped,
protected wild ways and conservation areas. This study investigates how, if at all, low frequency
anthropogenic noise impacts the singing of birds here in Vermont, in areas with varying degrees
of loudness in the presence of anthropogenic noise.
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I chose the Northern Cardinal, (Cardinalis cardinalis) as my study species. Northern
Cardinals are songbirds that thrive within shrubby habitats in urban and suburban areas
(Kaufman 2021). Cardinals inhabit a variety of habitats within Chittenden County and are
common in developed areas. They are consistent singers with a long nesting period and relatively
small home ranges, allowing for easy tracking of individuals over time (Halkin et al. 2022). As a
result, they were an ideal subject for a study that intended to explore singing behaviors in areas
that range in the density of development.
I explored several components of cardinal songs relative to anthropogenic noise in this
study: the frequency of pitch of the songs and the frequency in singing rate (number of songs per
minute). I also studied cardinals in several sites that varied in the volume of anthropogenic noise,
as well the effect of time of day. Based on prior knowledge, I hypothesized that cardinals would
sing at a higher frequency (pitch) in louder locations than quieter locations. Additionally, I
hypothesized that cardinals would have a lower singing rate in louder areas, as well as at louder
times of day due to traffic noise and human activity. Understanding the impacts of human
activity within the greater Burlington area on singing behavior of cardinals will provide valuable
information for the implications of bird species survival and conservation in a small city with
significant pressure for additional residential and commercial development.
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Methods
Samples of Northern Cardinal songs were recorded with a compact shotgun microphone
and recorder over the span of several weeks in Chittenden County, Vermont, from May 25th to
June 20th, 2021, and from March 1st to 18th in 2022. I used a Sennheiser Whirlwind shotgun
condenser microphone with a fiber noise protecting windshield encompassing the receivers. The
gain of the microphone was kept at a medium level and each recording was taken within 10
meters from the individual cardinal. The microphone was connected to a digital recorder that
stored the song samples as waveform audio; and the samples were then uploaded into
Audiosculpt, a digital audio workspace. Audiosculpt is a software platform that enables the
visual analysis and editing of audio samples through a variety of analysis options. The method
used for this experiment was a FFT sonogram analysis that provided a synchronized sonogram
(displaying time/frequency) with a spectrum of harmonic display (Pieplow 2017). The maximum
and minimum frequencies, the song variation as well as the number of songs per minute of each
recording session were recorded and analyzed using the sonogram analysis within Audiosculpt
by pinpointing the lowest and highest frequencies for each song (Saar & Mitra 2008). Song
variation was marked by the type of song sung by the individual (see Figure 1 for examples of
sonogram images and song types). Northern Cardinals sing several different variations of songs
to expand their repertoire and for identification among individuals, on the species and individual
scale (Halkin et al. 2022). While a complete song can vary in length, for the purposes of
consistency of my experiment, I did not include any partial or fragmented songs in my analysis.
The additional harmonics of each song were also not included in my analysis because of the
variation in quality of recordings and equipment.
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Figure 1. Sonogram examples of the 5 observed song variations of Northern Cardinal singing
repertoire, recorded from several individuals. Prior research suggests that these variations in song
demonstrate repertoire range and do not serve specific or unique purposes of communication
(Ritchison 1998).

I established three study sites with varying noise and traffic levels on an increasing scale,
from quietist to loudest in terms of low frequency anthropogenic noise. This scale was
determined by the observed volume of anthropogenic background noise at each location, with the
quietest being The University of Vermont Centennial Woods in Burlington, VT, the mid-level
being a neighborhood near Szymanski Park in South Burlington, VT, and the loudest being a
neighborhood in downtown Burlington, VT. The loudness of each site was determined using a
decibel meter application, Decibel X. All locations were within 10 kilometers of each other at
each respective location. The location of each individual was recorded to keep track of the
individuals over several sampling periods. Most research occurred on weekdays to ensure
consistency in traffic noise. To minimize disturbance to the individual’s natural singing pattern,
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all recordings were taken discretely and from the maximum distance possible that would ensure a
sample that would generate a clear sonogram. Each sample contained several repetitions of song
over the span of about one minute. Air temperature and other environmental conditions were
recorded. Recording did not occur on days of variable weather such as rain or high wind speeds.
The recording took place before sunrise, between 4:00 and 5:00 am, varying in relation to the
time of sunrise.
I conducted an additional experimental study to quantify the effects of anthropogenic
noise on cardinal singing behavior as related to time of day relative to sunrise in March of 2022,
the week before daylight savings time (DST) and the week following. This experiment occurred
over several days leading up to, and then several days following DST to determine if cardinal
singing patterns were altered by the increase in human activity and anthropogenic noise closer to
sunrise. The premise was that over the two-week period, cardinal singing behavior would be
consistent relative to time of sunrise, but after switching to DST, anthropogenic noises would
occur one hour earlier, potentially leading to interference during peak cardinal singing period.
All recordings were taken in Burlington, Vermont over the span of 1 hour, two times per day:
one session before sunrise and one after. Within each hour timeframe, I recorded the songs of as
many individuals as possible. After sunrise, as human traffic noise increased, the singing rate of
songs per minute were re-recorded. Additionally, the average noise level (dB) at the time of each
song recording were taken and recorded using the Decibel X application. The same sampling
protocols as described earlier in relation to weather and recording behavior were followed.
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Results
I utilized a one-way ANOVA in SPSS to analyze the effects of low-frequency
anthropogenic noise on the minimum and maximum frequencies of each cardinal song (OARC
2022), as well as the rate of songs per minute across the three study sites (Table 1). The song
data were averaged across individuals before running the ANOVA. I recorded songs from 16
individuals in total and found a significant effect on cardinal maximum song frequency
(p=0.046; Table 2) with the highest maximum frequency at the downtown Burlington location of
5833.88 Hz, a slightly lower maximum frequency at the South Burlington location of 4803.92
Hz, and the lowest maximum frequency at the Centennial Woods location of 4158.82 Hz (Table
2). I found no significant difference in minimum frequency between the locations of varying low
frequency anthropogenic noise levels (p=0.213). There was also no significant difference among
groups for singing rate (p=0.151). These results aligned with my hypothesis in that the maximum
frequency of the cardinal songs recorded would increase with anthropogenic noise (highest dB).
Table 1. The results of a one-way ANOVA testing the effects of anthropogenic noise
levels with time of day on the minimum song frequency, maximum song frequency, and singing
rate of Northern Cardinals at three sites in Chittenden, Vermont in May and June 2021.
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Table 2. Descriptive statistics for the first study of the three different locations (site), with site 1
= downtown Burlington, site 2 = Centennial Woods and site 3 = South Burlington suburban
location.
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To test the effects of anthropogenic noise in relation to time after sunrise, utilizing
daylight savings time change as human activity increased closer to sunrise, I used a one-sided
paired samples t-test using SPSS Statistics to assess the maximum and minimum frequencies,
singing rate of songs per minute and average noise of each recording sample. Samples were
taken during three different timeframes: an early and late timeframe pre-DST and a timeframe
post-DST, which relative to sunrise is the same time as the early timeframe pre-DST. Pairs refer
to the same individual recorded pre- or post-DST or in the early or late timeframe. As a result,
the number of samples varied among the comparisons as I could not always record each
individual during each period. When referring to the different timeframes, P1 will indicate the
early pre-daylight savings time timeframe, P2 will indicate the later pre-daylight savings time
timeframe, and P3 will indicate the post-daylight savings timeframe (Table 3). P1 and P2 were
tested to address the significance of time of day on singing, and P1 and P3 were tested to address
the significance of human activity and daylight savings time on singing, for P1 and P3 are the
same amount of time after sunrise and therefore the same to the cardinal. I found a significant
difference in anthropogenic noise in decibels (Table 4, Fig. 2) between the first and second
timeframes pre-DST times (t3=-4.41, p=0.011) and between the first timeframe pre- and postDST (t9=0.-2.27, p=0.001). Cardinals sang at a significantly lower maximum frequency in the
early timeframe pre-DST (Table 5, Fig 3; t3=-4.77, p=0.009) compared to the later timeframe
pre-DST, but no significant difference for maximum frequency pre- and post- DST (t9=-1.33,
p=0.108). I found no significant difference in minimum frequency between time-of-day pre-DST
(Table 6, Fig. 4; t2=-0.319, p=0.39) or between pre- and post-DST (t9=0.568, p=0.292). I also
found no significant difference in singing rate between time-of-day pre-DST (Table 7, Fig 5;
t3=2.142, p=0.061) or between pre- and post-DST (t9=-0.917, p=0.192).
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Table 3. An explanation of the labels utilized for timeframes in the test tables.
Name

Timeframe

Time after sunrise (hours)

P1

6:00am-7:30am pre-DST

0-1.5

P2

7:30am-9:00am pre-DST

1.5-3

P3

7:00am-8:30am post-DST

0-1.5

Table 4. The results of a paired samples t-test of anthropogenic noise recorded.

Table 5. The results of a paired samples t-test of the maximum frequencies (Hz) recorded for
each song.

Table 6. The results of a paired samples t-test of the minimum frequencies (Hz) recorded for
each song.

Table 7. The results of a paired samples t-test of the average singing rate (songs/min) recorded
for each song.
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Figure 2. A bar graph depicting the results of a paired samples t-test of anthropogenic noise
recorded (Hz). *There was a significant difference observed between the average noise of both
the pre-DST timeframes and the pre- and post-DST timeframes.
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Figure 3. A bar graph depicting the results of a paired samples t-test of maximum frequencies
(Hz) recorded for each song.
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Figure 4. A bar graph depicting the results of a paired samples t-test of minimum frequencies
(Hz) recorded for each song.
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Figure 5. A bar graph depicting the results of a paired samples t-test of average singing rate
(songs/min) recorded for each song.
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Discussion
I observed an effect of anthropogenic noise and maximum song frequency in both
studies. Cardinals sang at higher pitches within the locations or timeframes that were associated
with greater levels (dB) of noise (Tables 1 and 5). In the first study, the cardinals sang at the
highest (Hz) at the downtown Burlington location, in the location with the greatest human
development and the most anthropogenic noise. The cardinals were also observed singing the
lowest frequency at what I expected to be the quietest location, Centennial woods. I observed a
similar result in the second study when comparing the maximum frequencies of cardinal songs in
the two timeframes pre-DST (Table 5). I further found that the results of higher pitched songs
also were associated with significantly greater levels of noise, for the noise levels were
statistically significant when comparing both the pre-DST and pre- against post-DST (Table 4).
These results suggest that Northern Cardinals sing at higher frequencies when there is more noise
comparatively as anthropogenic noise increases further in the same day, but not necessarily as
human activity approaches sunrise.
I did not observe any relationship between noise and singing rate and minimum
frequencies for both studies. I also previously hypothesized that anthropogenic noise would
impact the rate of singing in songs per minute of the Northern Cardinals in Chittenden County. I
therefore rejected the hypothesis that singing rate would be lower in areas of higher noise levels,
however the impact on song structure and repertoire choice remains unclear with regards to
noise, and a further study is needed to explore these changes. Throughout the process of
recording, I often struggled to find sufficient examples of singing that were appropriate to
analyze and utilize for my study, largely because as the time after sunrise continued, I observed
fewer singing individuals. Additionally, I observed many examples of altered or shortened songs
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in generally louder circumstances which I did not utilize in my analysis for the sake of
consistency. This seemed reflective of what had been addressed in several studies regarding the
length and quality of songs, in that there was a greater variation in the consistency of songs
observed in louder locations (Potvin et al. 2011). Further study could provide more answers as to
whether noise is the driving factor that alters these specific changes in singing behavior, as well
as provide a larger pool of data to analyze.
Knowing that there is a relationship between maximum frequency and anthropogenic
noise in Burlington, Vermont, it is clear that the size of the city’s infrastructure and the closer
general proximity to wildlife habitat do not differentiate it from the drastically larger and more
human-developed locations explored in previous studies. There have been many hypotheses as to
why and how birds alter their song frequencies, and it is unclear as to if this is an intentional
individual physical effort by each individual as seen in the Lombard Effect (Bottalico et al.
2022), or a trend at the population level influenced either by learning or through genetics.
Zollinger et al. (2017) explored this question when hypothesizing that the trend of singing at
higher frequencies in louder environments could potentially be caused by sexual or natural
selection for this trait. A trend in genetic variation over several generations, in that birds that
sang higher might be more likely to reproduce or produce more offspring, which could result in
the selection of the genes for singing at higher frequencies (Zollinger et al. 2017). This is stated
knowing that there is a complex interaction between the learned behavior of song and genetic
elements of an individual bird, including syrinx or bill shape (Demery et al. 2021). While this
contrasts what some have observed in some bird species, in that the higher pitched singing does
not correlate with reproductive success (Moiron et al. 2015), it is still widely contested.
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Based on my results, there were changes in maximum frequency associated with both
time of day and locations with varying noise. As suggested in other studies, I assume that the
causal explanation for the higher frequency singing of cardinals in Burlington derive from
increased song transmission with greater background noise. Much like how orchestral soloists or
individual musicians might tune their instruments slightly higher than standard tuning to be
heard over the loudness of a band, cardinals may attempt to communicate more effectively with
greater background noise by singing at a higher frequency from the overcompensation of faster
airflow or altering the shape of the syrinx (Patricelli & Blickley 2006).
This causal explanation does not negate the possibility that Northern Cardinals
populations have the potential to change in the future as a result of behavioral changes in
response to anthropogenic noise (Zollinger et al. 2017). One study conducted to explore these
concepts utilizing noise exposure ontogeny with great tits (Paurs major), in which they observed
no changes in song frequency by individuals when exposed to different levels of noise from
hatchling to adult. This study challenged the notion that noise was the only factor that affected
birds singing at higher frequencies, for the social element of hearing other birds singing higher
could also play a large factor in how birds learn to sing throughout development and into
adulthood (Zollinger et al. 2017). Concern has arisen surrounding the impacts of increasingly
loud bird habitats on survival and long-term communication changes. Further studies on these
impacts, especially how they unfold in the field and out of a heavily controlled experiment, will
allow for a deeper understanding of how the long-term survival of species such as Northern
cardinals will react to the result of increasing development, with more anthropogenic noise than
is currently observed.
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The implications of studies such as these (Zollinger et al. 2017), as well as the results of
my study, lead us to question how human development will affect the effectiveness of bird
communication, long-term survival, and mate selection. Even within a relatively small city with
seemingly plentiful high-quality habitat, as well as many protected natural areas in close
proximity to human development, birds are altering their singing behavior to adapt to a
constantly changing environment (Hockin et al. 1992). As human development and infrastructure
continues to expand, the avifauna of North America are suffering serious consequences to
reproduction and survival (Rosenberg et al. 2019). Like all species on the planet, birds will
experience dramatic changes arising from human influences, including climate change and rising
human global population. The most immediately relevant of these concerns of the birds
(including cardinals) in Chittenden County the increasing of development and loss of habitat, as
more people are moving to the county and altering the landscape (Kaufman 2021). While
cardinals are a species that has adapted well to urbanization, they, along with many other species
are not immune to the challenges of an increasingly developed environment. As the effects of
climate change have increased and Vermont has become more developed, a decline in
populations and diversity of bird species has been noted as an increasingly drastic concern within
the past 50 years (Rosenberg et al. 2019). Birds are key elements of healthy ecosystems, serving
essential functions to maintain the health of a plethora of other species of life, including but not
limited to assisting in plant reproduction, balancing insect populations, and maintaining
ecosystem health (King & Finch 2021). Understanding the implications of human influence on
bird communication, could assist in minimizing the impacts humans have on the bird populations
on which ecosystems rely.
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Appendix

Map data derived from Google 2022

Map 1. Locations of the several sites where recordings took place during the first study, in
downtown Burlington, Vermont, Centennial woods natural area and further south near
Szymanski Park in South Burlington.
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Map data derived from Google 2022

Map 2. Locations of the several sites where repeated recordings took place during the second
study over several timeframes, both pre- and post-DST.
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